Cells constituting the placental barrier secrete soluble factors that may participate in controlling human immunodeficiency virus type 1 (HIV-1) transmission from the mother to the fetus. In this study, we asked whether placental soluble factors (PSF) could limit cell-cell contact inducing HIV-1 production that occurs after inoculation of HIV-1-infected peripheral blood mononuclear cells (HIV-1 ؉ PBMCs) onto trophoblastderived BeWo cells grown as tight and polarized barriers in a two-chamber system. The activity of recombinant chemokines and cytokines expressed by placental tissue and of factors secreted by either early or term placentae of HIV-1-negative women, was analyzed. We identified chemokines (RANTES and MIP-1␤) and cytokines (tumor necrosis factor alpha and interleukin-8) that decreased and increased, respectively, viral production in trophoblast barrier cells inoculated with HIV-1 ؉ PBMCs. Unexpectedly, factors secreted by either early or term placentae of HIV-1-negative women enhanced viral production. Nevertheless, the same PSF did not favor infection of trophoblastic barriers with cell-free HIV-1 and strongly reduced viral production in PBMCs infected with cell-free HIV-1. Moreover, PSF contained chemokines (RANTES and MIP-1␤) and a cytokine, leukemia inhibitory factor, exhibiting a strong anti-HIV-1 activity in our model of cell-to-cell infection. Together these data suggested that at the maternal interface the global activity of PSF is related to the synergistic action of several soluble factors with a balance in favor of an enhancing activity on the passage of viruses across the trophoblast barrier. This could explain the presence of viral sequences in trophoblasts in all placentae of HIV-1-infected women.
In all human immunodeficiency virus type 1 (HIV-1)-infected women with no preventive antiretroviral therapy during pregnancy, trophoblasts that constitute the first layer of the placental barrier in direct contact with the maternal blood contain viral sequences (23) . Nevertheless, more than 90% of the children born from these women are protected against HIV-1 during pregnancy (16, 20) , indicating that HIV-1 infection and spread through the placenta are tightly controlled. To determine whether the trophoblastic barrier contributes in limiting in utero transmission of HIV-1, we have developed a model of trophoblastic barrier through which cell-free HIV-1 does not pass (15) . In this model, human trophoblast-derived BeWo cells form a tight and polarized cellular barrier. Polarized cells are not productively infected by HIV-1, unless HIV-1-infected (HIV-1 ϩ ) peripheral blood mononuclear cells (PBMCs) are inoculated onto the apical pole, as described for nonpolarized trophoblasts (1, 8) . Even in this case, a translocation of selected maternal HIV-1 quasispecies is observed across the trophoblastic barrier (15) .
Additional levels of control have to take place at the materno-fetal interface to efficiently limit the transmission of HIV through the trophoblastic barrier and spread to underlying placental cells. Hence, several mechanisms have been proposed to explain the protection of the fetus against maternal HIV during pregnancy. Maternal antibodies (28) and CD4 ϩ T lymphocytes (11, 18) might contribute in limiting in utero transmission of HIV-1. Placental cells secrete a vast array of soluble factors, including growth factors, soluble receptors, and major histocompatibility complex (MHC) class I molecules, such as soluble HLA-G, cytokines, chemokines, and hormones, as well as factors that have not been identified yet (4, 22) . These soluble factors most likely exert a concerted activity to create a suppressive environment at the materno-fetal interface, allowing the embryo's semiallogenic tissues to be tolerated by the mother's immune system (22) and the fetus to develop properly. Among these factors, chemokines and cytokines with a known potent anti-HIV-1 activity are detected (4, 6, 9, 24, 26, 27) . However, cytokines, such as inflammatory cytokines, the activity of which facilitates HIV infection and replication in different cell types, are also expressed during the various phases of pregnancy.
Indirect evidence indicates that, indeed, placental cytokines and chemokines may influence HIV replication in placental cells, particularly in trophoblasts. In women in whom viral load is controlled with antiretroviral therapy, trophoblasts bear no detectable level of HIV sequences but express less inflammatory cytokine and chemokine mRNAs than trophoblasts isolated from placentae of HIV-1-negative women (24) . In contrast, expression of inflammatory cytokines is elevated in trophoblasts with a high level of HIV transcripts (18) . Along with these findings, interleukin-1␤ (IL-1␤) and tumor necrosis factor alpha (TNF-␣) were found to stimulate the transcriptional activity of HIV long terminal repeats expressed transiently in isolated trophoblast cells (33) or in trophoblastic cell lines infected with HIV-1 particles pseudotyped with HIV-1 envelope glycoproteins (32) , whereas alpha interferon (IFN-␣) and IFN-␤ suppress the transcription driven from the viral promoter (33) . Moreover, a correlation between in utero transmission of HIV-1 and expression of Th2 cytokines (IL-4 and IL-10) and leukemia inhibitory factor (LIF) has been reported (3, 26) . However, whether these soluble factors, alone or in association, could limit infection of the first placental barrier and/or HIV-1 spread remains to be elucidated.
In this study, we asked whether cytokines and chemokines secreted by placental tissue and supernatants of placental explants containing the same cytokines and chemokines could control infection of trophoblastic barriers inoculated with HIV-1 ϩ PBMCs.
MATERIALS AND METHODS

Reagents and antibodies.
The study used the factor recombinant human regulated upon activation normal T-cell-expressed and secreted (RANTES); macrophage inflammatory protein 1␤ (MIP-1␤); stromal cell-derived factor-1 (SDF-1␣/␤); IL-16; IL-8; TNF-␣; neutralizing anti-MIP-1␣, -MIP-1␤, and -RANTES antibodies; and control normal goat serum and human LIF soluble receptor (rhLIF-SR) (R&D, United Kingdom). Anti-CD54-phycoerythrin (PE) (ICAM-1; Becton Dickinson), isotype-matched, PE-labeled, control antibodies (Pharmingen, Beckman Coulter), anti-CD106 (VCAM-1) (Beckman Coulter) or mouse immunoglobulin G1 (IgG1) (Beckman Coulter) and anti-CD11b-PE and anti-CD11c-PE (Beckman Coulter) were used at a final concentration of 5 to 10 g/ml. Goat anti-mouse IgG [F(abЈ) 2 -PE] (DAKO, France) (5 g/ml) was used as the secondary antibody.
Placental soluble factors (PSF) were 24-h culture supernatants of placental explants prepared as previously described (24) in accordance with French ethics guidelines. Briefly, isolated villi (3 g in 20 ml) from early or term placentae were incubated for 24 h in RPMI medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% penicillin-streptomycin, and 1% sodium bicarbonate (provided by GIBCO, BRL). Supernatants were harvested, submitted to centrifugation, aliquoted, and frozen at Ϫ80°C until use. Samples were used only once. Placentae of nine HIV-1-negative women were available for this study.
Cells. The human choriocarcinoma BeWo cell line (ATCC CCL98) was maintained in 5% CO 2 -95% air at 37°C in medium (Dulbecco's modified Eagle medium [25 mM glucose], 20% heat-inactivated FCS, 20 mM glutamine, 50 IU penicillin/ml, and 50 g/ml streptomycin [GIBCO BRL, Gaithersburg, MD]). PBMCs were obtained after Ficoll-Paque centrifugation of buffy coats (Etablissement Français du Sang, Rungis, France). PBMCs from seven different HIV-1-and hepatitis C virus-negative volunteers were used. PBMCs were activated with 100 pg/ml phytohemagglutinin (PHA) and cultivated in RPMI 1640, 10% FCS, 20 mM glutamine, antibiotics, and 5 U IL-2/ml.
Virus and HIV-infected PBMCs. Two second passage stocks of HIV-1 A204 with a 50% tissue culture infective doses (TCID 50 ) of 10 4 to 3.2 ϫ 10 4 /ml, respectively, were used. A204 is a clinical isolate containing X4 and R5 viruses, originally isolated from a mother whose child had been infected in utero (29) . HIV-1 ϩ PBMCs were obtained by inoculating 100 TCID 50 of HIV-1 A204 onto 10 6 PHA-IL-2-activated PBMCs and were used at the peak of viral production (at day 7 postinfection), as determined by measuring reverse transcriptase activity in the supernatant of HIV-infected cells just before each experiment.
Infection of trophoblastic barriers. Tight and polarized trophoblastic barriers were grown in a two-chamber system, as previously described (15) . Under these conditions of culture, BeWo cells form tight junctions and express both CXCR4 and CCR5 (15) . To reconstitute the placental soluble environment, barriers were incubated overnight in medium (RPMI, 10% FCS, 20 mM glutamine, antibiotics) containing or not containing (control) PSF (in a proportion of 1:1 by volume or as indicated) or increasing doses of human recombinant cytokine or chemokine. In neutralization experiments, trophoblastic barriers were incubated in the presence of medium containing PSF, first incubated for 30 min at 37°C in the presence of either control antibodies, neutralizing antibodies, or rh-LIFsR. Infections were performed in triplicates, in the presence or absence of PSF (Ϯ neutralizing reagents). HIV-1 ϩ PBMCs (2 ϫ 10 5 or 2 ϫ 10 6 cells) or cell-free HIV-1 (100 TCID 50 ) was inoculated onto the apical pole of trophoblastic barriers for 3 h at 37°C. Then, cell-free HIV or HIV-infected cells were removed. For this purpose, the apical surface of BeWo cell monolayers was carefully washed five times, using 4ϫ 500 l of prewarmed medium (RPMI 1640 medium plus 10% FCS, 20 mM glutamine, and antibiotics) and 1ϫ 500 l of prewarmed (37°C) trypsin-EDTA. Concurrently and separately, the basolateral surface of each trophoblastic barrier was washed by incubating inserts into four consecutive wells containing 1.5 ml of medium (RPMI 1640 medium plus 10% FCS, 20 mM glutamine, and antibiotics) and in one well containing 1.5 ml of prewarmed trypsin-EDTA. After these five consecutive washes of apical and of basolateral poles, barriers were cultured in new wells containing indicator cells (1 ϫ 10 6 to 1.5 ϫ 10 6 PBMCs) plated into the lower chamber. The amount of virus produced by BeWo cells was amplified by these indicator cells and quantified by measuring HIV-1 p24 antigen in the supernatant using a commercial kit (Coulter, France). The barriers' integrity was determined before each experiment by measuring the transepithelial resistance for tightness, as previously described (15), and at the end of each experiment, by quantifying the passage of a dye, Blue Evans, across trophoblastic layers for permeability. Blue Evans was added (or not) into the apical supernatant, and cellular barriers were incubated for 4 to 6 h at 37°C. The absence (or presence) of the dye in the basolateral supernatant was measured by optical density at ϭ 650 nm. Unless trophoblastic barriers were damaged (in which case, data were excluded), data are given as a mean of 3 determinations Ϯ standard error of the mean (SEM). Each experiment was performed two to seven times.
Flow cytometry analysis of surface molecule expression. BeWo cells grown as tight and polarized monolayers (2 ϫ 10 5 cells per filter) and incubated overnight in the presence or the absence of PSF were washed using PBS containing 5% fetal bovine serum (FBS). Cells were then mechanically detached from polycarbonate membranes and incubated in the presence of human Igs (Tegeline; Institut Français du Sang, France) for 30 min at 4°C to block nonspecific binding. After one washing step, cells were stained either with directly labeled antibodies or with unlabeled first antibody, added at the final concentration of 0.5 or 10 g/ml, and a fluorescent secondary antibody, goat anti-mouse IgG (F(ab[prime])2-PE. Isotype control monoclonal antibodies were used at the same concentration as the primary antibody. After two washing steps, cells were analyzed by flow cytometry. Ten thousand events were analyzed for each sample.
Adhesion assay. PHA-IL-2-activated noninfected (HIV-1 negative) and infected (HIV-1 ϩ ) PBMCs (2 ϫ 10 6 cells/ml) from the same donor were stained with 0.5 g/ml (10 mM) of Cell Tracker-Green 5-chloro-methylfluorescein diacetate (CMFDA) (Molecular Probes, Eugene, Oregon), as recommended by the manufacturer. HIV-1-negative and HIV-1 ϩ PBMCs were kept unstained, as a control for background fluorescence. Cells were then inoculated onto BeWo cell layers that had been incubated or not overnight in the presence of supernatant of placental explants. After 3 h of contact, nonadherent cells were removed by washing BeWo monolayers with 0.5 ml of PBS plus 5% FBS. Cells were detached mechanically by pipetting them up and down and analyzed by flow cytometry using a flow cytometer (XL2 EPICS Coulter). PBMCs and BeWo cells were separated by size. Nonadherent PBMCs were much smaller and fluorescent and thus were easily distinguishable from BeWo cells and from PBMCs adhering to BeWo cells. Twenty thousand events were analyzed for each sample.
Statistical analysis. Statistical significance was determined using a nonparametric Mann-Whitney test. P values of Ͻ0.05 were regarded as significant.
RESULTS
Productive infection of BeWo cells grown as a tight and polarized trophoblastic barrier can be increased or decreased by cytokines and chemokines expressed by the placenta. We first tested the activity of recombinant cytokines and chemokines in terms of the capacity of trophoblastic barriers to be infected with cell-associated HIV-1. All were expressed by placental tissue (4, 6, 9, 24) and exhibited either a known activity against HIV-1 (RANTES, MIP-1␤, SDF-1, and IL-16) (2, 5, 21) or an activity facilitating HIV-1 replication (IL-8 and TNF-␣) (17, 18, 20) . Doses were chosen to correspond to the amounts of these cytokines and chemokines in PSF (9, 24) or for SDF-1, reported to be active on HIV-1 entry (21) . The results showed that trophoblastic barriers incubated in the presence of RANTES or of MIP-1␤, before and during inoculation of HIV-1 ϩ PBMCs, produced significantly (P Ͻ 0.05) less infectious viruses than untreated barriers (Fig. 1, upper panels). SDF-1 or IL-16 had no detectable activity (Fig. 1 , upper and lower panels), whereas IL-8 or TNF-␣ significantly increased (P Ͻ 0.05) the amount of virus produced, in a dosedependent manner (Fig. 1, lower panels) . Altogether, these data show that, individually, certain cytokines and chemokines expressed and secreted by placental tissue can reduce or increase HIV-1 production in trophoblastic barriers.
PSF enhanced the production of HIV-1 in trophoblastic barriers inoculated with HIV-1-infected PBMCs. We then determined whether PSF that contain all these cytokines and chemokines (9, 24) were active on the productive infection of trophoblastic barriers. The results showed that PSF, from either early (n ϭ 4) or term placentae (n ϭ 5) of HIV-1-negative women, increased the amount of infectious viruses produced by trophoblastic barriers, compared to that in medium without PSF ( Fig. 2A) . This activity was dose dependent (Fig. 2B) and detected under a nonsaturating condition of infection (2 ϫ 10 5 HIV-1-infected PBMCs) (Fig. 2C) . As a control, we verified that HIV-1-infected PBMCs incubated in the presence of PSF for 3 h, (thus for a length of time corresponding to the time of inoculation onto trophoblastic barriers in the presence of PSF) did not produce more virus than untreated HIV-1-infected PBMCs (Fig. 2D) . PSF neither altered the transepithelial resistance of trophoblastic barriers ( Fig. 2A) nor allowed the passage of Blue Evans (not shown) across barriers, demonstrating that PSF did not alter their integrity. Altogether, these data showed that PSF increased viral production in trophoblastic barriers inoculated with HIV-1-infected PBMCs.
PSF do not change the resistance of trophoblastic barriers to cell-free HIV infection and attenuate the susceptibility of PBMCs to infection with cell-free HIV-1. It is now well established that infection of primary trophoblasts or of trophoblastderived cell lines with cell-free HIV-1 is poorly or not at all productive (7, 15, 32) . Our results showing that PSF increased viral production in these cells inoculated with HIV-1-infected PBMCs suggested that PSF could also alter the resistance of BeWo cells to cell-free virus. To test this hypothesis, trophoblastic monolayers were incubated in the presence of PSF and then inoculated with cell-free HIV-1 A204 at a dose of 100 TCID 50 (5 to 10 ng of p24) for 3 h. The amounts of virus that had crossed barriers during these 3 h (Fig. 3A, 0 .12 h postinfection) or that were produced in BeWo cells at different times postinfection, after removal of the inoculum, extensive washes, and culture in new wells containing fresh indicator cells, were measured. In parallel, PHA-IL-2-activated PBMCs were incubated overnight in the presence or the absence of PSF and then inoculated with cell-free HIV-1 (100 TCID 50 ), as a control for infection. The results showed that PSF did not facilitate the passage of cell-free HIV-1 across tight and polarized BeWo cells (Fig. 3A) , confirming that trophoblast BeWo cells were not productively infected with cell-free HIV-1 and that no viral particle crossed barriers whether PSF were added or not to cell cultures. Thus, PSF did not alter the integrity of monolayers. Moreover, no virus was produced in BeWo cells inoculated with cell-free virus, whether PSF were incubated or not with PSF (Fig. 3A) . In PHA-IL-2 activated PBMCs, HIV-1 204 replicated (Fig. 3B) . In these cells, all PSF from early or term placentae (n ϭ 3 each) but one induced a 2-to 3-log decrease in the amount of virus produced (Fig. 3B) . Altogether, these data show that in cells that are resistant to cell-free HIV-1 infection, namely in polarized trophoblast-derived BeWo cells, PSF did not release the restriction. The data further show that during acute infection of cells permissive for HIV-1 replication, PSF exhibit an anti-HIV-1 activity, as previously described (14, 26, 30) .
PSF contain factors decreasing the production of HIV-1 in trophoblastic barriers inoculated with HIV-1-infected PBMCs.
We then asked whether in PSF, cytokines and chemokines reported to have an anti-HIV-1 activity and present in detectable amounts were active in our model of cell-to-cell infection. Thus, PSF were incubated with neutralizing reagents specific for RANTES, MIP-1␣, MIP-1␤, or LIF, a cytokine the expression of which correlates with the protection against in utero transmission of HIV-1 (26) . The results showed that neutralization of RANTES and to some extent of MIP-1␤, but not of MIP-1␣, in PSF resulted in an enhancement in viral production, as compared to viral production in barriers incubated with PSF mixed with control antibodies (Fig. 4A) . Similarly, addition of increasing doses of rhLIF-SR into PSF progressively enhanced viral production (Fig. 4B) . These data demonstrated that PSF contained factors that actively reduce on October 31, 2017 by guest http://jvi.asm.org/ similar whether or not BeWo cells were incubated with PSF, whereas cell surface expression of CD11c was almost undetectable ( Fig. 5 A and B) . Expression of ICAM-1 and V-CAM-1 was not increased but slightly decreased, especially in BeWo cells treated with PSF expressed by term placenta (Fig. 5A and B) . Binding analysis showed that the capacity of noninfected PBMCs to bind to polarized BeWo cells was similar whether trophoblasts were incubated in the presence or the absence of PSF (Fig. 5C ). As expected, the percentage of adherent cells was increased when HIV-1-infected PBMCs were inoculated onto polarized BeWo cells. Remarkably, adhesion of HIV-1-infected cells to BeWo cells was not increased and even slightly decreased when BeWo cells were incubated in the presence of PSF (Fig. 5C) . Together, these results indicated that PSF increased neither the expression of adhesion molecules nor the number of HIV-1-infected PBMCs bound to BeWo cells.
DISCUSSION
In this study, we have shown that cell-to-cell contact-induced HIV-1 production in BeWo cells grown as a tight and polarized cellular monolayer is enhanced in the presence of human recombinant TNF-␣ or IL-8. Interestingly, the active doses of these inflammatory cytokines correspond to amounts of IL-8 and of TNF-␣ detected in placentae of HIV-1-infected women (18) , in particular in women suffering coinfections, such as infection with Plasmodium falciparum (31) , and for whom the risk of mother-to-child HIV-1 infection in utero is increased (25) .
Similarly, we found that PSF from normal pregnancy that do contain both factors enhancing and factors reducing HIV-1 infection (18, 24) increase HIV-1 production in trophoblastderived BeWo cells inoculated with HIV-1-infected PBMCs. Nevertheless, PSF do not modify the low or lack of permissiveness of these cells to cell-free HIV-1 infection. These data demonstrate that even in the presence of factors increasing HIV-1 production, signals induced by cell-to-cell contact are absolutely required for trophoblast-derived BeWo cells to be productively infected. This is consistent with previous studies indicating that (i) the initial transmission of virus from HIV-1-infected cells to trophoblasts requires appropriate signaling through adhesion molecule LFA-1/ICAM-1 (1, 32) and (ii) the rate of HIV-1 replication could depend on additional signals provided by cytokines present in the environment (18, 32) . We show here that the presence of RANTES, MIP-1␤, and LIF in the environment restricts the amount of virus produced by trophoblast-derived cells even in the presence of factors activating HIV-1 production. Both the initial transmission of virus and the first azidothymidine (AZT)-sensitive phase of HIV-1 replication, but not the second round of HIV-1 RNA synthesis, which is not sensitive to AZT or to neutralizing antibody (11, 13) , could be limited by these chemokines and by LIF. In agreement with this hypothesis, it is now well established that binding of chemokines on CCR5 prevents HIV-1 entry through CCR5 (5), whereas LIF inhibits HIV-1 replication at a step after entry and before retrotranscription (26) . Nevertheless, the present results indicate that in the presence of a mix of factors enhancing and inhibiting HIV-1, factors enhancing HIV are more potent and overcome the activity of factors with an anti-HIV-1 activity on cell-to-cell contact-induced HIV-1 production in BeWo cells. Moreover, the present results showing that PSF increases neither ICAM-1 expression nor adherence of HIV-1-infected PBMCs to BeWo cells indicate that this increase in viral production is not related to an increase in the number of infected cells interacting with BeWo cells and eventually fusing with trophoblasts. Rather, we suspect that this increase in viral production might reflect an increase in the later phase of HIV-1 replication which is not sensitive to AZT (11, 13) . Because the active doses of recombinant TNF-␣ and IL-8 were about 10 times higher than the doses of the same cytokines in the PSF we used (9), it is likely that the enhancing activity of PSF results from the synergistic activity of several factors, which may include those of IL-8 and TNF-␣.
It remains possible that in HIV-1-infected women, an increase, even weak, in the secretion by placental cells of several factors exhibiting an anti-HIV-1 activity that may be induced upon exposure of placental cells to HIV-1 present in the maternal blood could confer to PSF the capacity to reduce infection of trophoblasts. Although speculative, this hypothesis is consistent with several studies showing that in HIV-1-infected women with no therapy, placental expression of several factors, including those of LIF, is increased and correlates with protection of the fetus (3, 26) . Furthermore, the present data showing that PBMCs incubated overnight with PSF and then inoculated with HIV-1 produced 100 to 1,000 times less virus than untreated PBMCs further support a role of PSF in con- trolling spreading of HIV-1 through the placenta, after passage across the trophoblastic barrier. We addressed the question of whether this anti-HIV-1 activity was related to IFN-like activity in PSF since previous studies demonstrated that placental cells secreted this antiviral cytokine (19, 33) . Thus, the level of secretion and the mRNA content of several forms of IFN in both placental tissue and PSF were evaluated. The results of this parallel work aimed at defining ex vivo cytokine profile within the placental environment (article in preparation) clearly indicate that no IFN-␣ or -␥ is detected in the samples of PSF we used. In summary, this study highlights the importance of cellular activation induced after cell-to-cell contact as a potent mechanism of HIV-1 dissemination and shows that cytokines and chemokines can regulate the amount of virus produced thereupon. The global activity of PSF from HIV-1-negative women, which includes those of several chemokines and cytokines interfering with HIV-1 infection, increased this viral production. We do not exclude that in PSF derived from HIV-1-infected women, an opposite activity might be observed. Whether under conditions of infection and/or therapy an inverse balance might be observed remains to be determined.
